The paper presents the results of an experimental study of pipe extrusion process with lateral flow using the method of coordinate grids. The calculation of the forming operation is made for extrusion process stages.
Introduction
As shown in Kosmatskiy and Fokin (2015) and , in the mathematical modeling of pipe extrusion process with lateral flow the nature of metal flow is determined by a number of factors that distinguish this variety of pressing process from the known process of direct extrusion of pipes. In this case, the effect of these factors determines the structure of the simulated system, the properties of its elements and the cause-and-effect relationships that are inherent in the system and essential for achieving the goal of simulation (Vydrin, 1959) . One of the significant factors is the position and shape of the boundaries of the plastic strain zone (Perlin, 1964; Prozorov, 1969; Thomsen, Yang, & Kobayashi, 1969) , the determination of which is a very non-trivial task.
Thus, in order to determine the zones of strain figure, the experimental study of the pipe extrusion process with lateral flow with the use of the method of coordinate grids (MCG) (Kargin & Kargin, 2011; Del & Novikov, 1979 ) may be of scientific interest. The obtained results can be applied to the adaptation of the developed mathematical models (Kosmatskiy & Fokin, 2015; combined with pressing processes (Kosmatskiy, Vydrin, & Khramkov, n.d.a; Kosmatskiy, Vydrin, & Khramkov, n.d.b; Kosmatskiy, Khramkov, & Fokin, 2013) . At the same time, evaluating the practical value of the result, it can be assumed that the determination of the zones of distribution of plastic strain in the billet will also allow us to estimate implicitly the structure and uneven distribution of mechanical properties along the length and cross-section of the pipe (Perlin, 1964) .
Method
In order to carry out an experimental study of the pipe extrusion process with metal lateral flow, the corresponding installation shown in Figure 1 was designed for the use on a press of vertical construction with a maximum force of 1.25 MN.
Preparation of sample billets with a diameter of 45 mm and a height of 95 mm with a through side hole 10 mm in diameter intended for carrying out an experimental study of the sample pipe extrusion process with lateral flow 30 × 10 mm in size using the MCG (Kargin & Kargin, 2011; Del & Novikov, 1979) was carried out in accordance with the method presented in the paper . The coordinate grid of the sample billet, shown in Figure 2 , a, is represented by square cells with ~ 5 mm side.
In order to shorten the time interval, and thus to increase the reliability of the experimental data used for the quantitative evaluation of the deformed state, in contrast to the investigation of direct extrusion of pipes , two positions of the grid (see Tables 1 to 3) , corresponding to the known phases (Perlin, 1964; Prozorov, 1969) of the pressing process were evaluated in the case under consideration. They are: pressing-out (see Figure 2 , b) and steady-state phase (see Figure 3) . 1 -compression ram; 2 -pressure pad; 3 -prefabricated container; 4 -billet; 5 -mandrel;
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Discussion
When examining the coordinate grids (see Figures 2, b, 3) , we can draw the following conclusions:
-the assumption of the heterogeneity of strains in the process of pipe extrusion with lateral flow, indicated in (Perlin, 1964; Prozorov, 1969; Thomsen, Yang, & Kobayashi, 1969; , is correct;
-the concentration of the strain zone is observed in the part of the sample billet located above the mandrel, while the metal flow picture near the contact surface with the mandrel is characterized by the pitch point of the transverse bands of the coordinate grid;
-near the contact surface of the strained metal with the mandrel and the inlet matrix hole, the cells are subjected to greater strain to a nearer value, in comparison with the zone of the opposite surface of the container, in which the strain is much smaller;
-the bottom part of the sample billet located in the container, and especially on the side opposite to the matrix hole, is represented by small strains, which, on the one hand, proves the correctness of the determination of the stagnant zones of the metal in the process of mathematical modeling (Kosmatskiy & Fokin, 2015; , and, on the other hand, affects the formation of the non-uniform thickness of the pipe sample. Thus, as shown in Alushkaev, Kosmatskiy, and Shumeiko (2016) , in case of realization of the method of pipe extrusion with lateral flow combined with reduction (Kosmatskiy, Vydrin, & Khramkov, n.d.a) , when creating certain conditions of inter-cell tension, it is possible to eliminate the present imperfection;
-the lower part of the longitudinal section of the sample pipe, which is noticeably different in the strain impact on a much larger value in comparison with the upper part, is characterized by an inadequate and hardly reproducible mapping of the coordinate grid. In connection with this, the use of the MCG (Kargin & Kargin, 2011; Del & Novikov, 1979 ) is unacceptable when there are large values of the strain degrees, which also conforms to the results of .
The forming work ( Ф А ) can be found:
where S σ is the value of the metal resistance of plastic shear strain; И ε is the intensity of strain; V is the volume of the metal in which the strain takes place.
The intensity of strain ( И ε ) is calculated by the formula (Kolmogorov, 1986) :
where x ε , y ε , z ε are normal component of the strain intensity; γ is the tangential component of the strain intensity.
In case of the extrusion with metal lateral flow, an inhomogeneous plastic flow is also observed , and the magnitude of the strain intensity is different at different points of the strain zone. Therefore, to determine the forming work, it is necessary to determine the intensity of strain (2) as a function, the volumetric integral of which can be used to calculate the forming work. The analytical definition of the strain field is difficult. And the MCG is used in order to determine the field of strain (Kargin & Kargin, 2011; Del & Novikov, 1979) .
To find the strain intensity, it is necessary to determine the components of the strain tensor. It is known from the theory of plasticity (Thomsen, Yang, & Kobayashi, 1969; Kolmogorov, 1986 ) that: 
where u is the displacement of an elementary volume.
It is important to mention that the hypothesis that describes the trajectory of the metal flow was put forward at the stage of preparation for the experimental study, as shown in (Kosmatskiy & Fokin, 2015; .
Based on the assumption that the strain reaches the highest values in the chosen plane (see Figures 2, 3) , a study of the nature of the metal flow was carried out on this very purpose. The present assumption undoubtedly simplifies the problem of the mathematical description of the metal forming, but in the first approximation it can be considered admissible for description. Thus, the above assumption is characterized by the following inequalities of shear deformations: γ γ yz xy < , xy zx γ γ < , which are impossible to compute. However, to take them into account, the corresponding equality condition is taken: γ γ γ xy y z z x = =
. At the same time, it is obvious that the estimate of the magnitude of the strain intensity will be exaggerated, which must be taken into account in the further formulation of the conclusions.
Thus, a preliminary evaluation of possible metal flow pictures for the pipe extrusion process with lateral flow suggests a corresponding estimation of the degree of strain: 
To determine the elements of the strain intensity it is necessary to define the coordinates of all the points before ( 
where Кон d is the container diameter.
We shall define the values of four angles for each cell (
ϕ ). We find the angles between the vectors a  and b  by the following formula, where k is the number of the angle in the cell:
The scheme for determining the values, reflected in the formulas (5-7), is shown in Figure 4 . 
Using the results of measurements of the coordinate nodes of the grid presented in Tables 1 -3 , the calculation of forming work is performed for pipe extrusion with lateral flow of 30 × 10 mm in size made of lead C1, corresponding to certain phases of the process: sample billet pressing-out is 0.301 kJ and the steady process of sample pipe extrusion is 0.498 kJ.
Thus, the conducted experimental study of the sample pipe extrusion process with lateral metal flow when using the MCG (Kargin & Kargin, 2011; Del & Novikov, 1979) allows drawing the following conclusions:
-in comparison with direct metal flow , the considered variety of pipe extrusion process with lateral metal flow differs in the following features: axial asymmetry of strains and increased unevenness of the strains due to this fact.
-accepted in the mathematical modeling (Kosmatskiy & Fokin, 2015; assumptions about the location of metal stagnant zones are correct. Thus, the part of the strained billet located in the bottom part of the container is predominantly below the matrix, and the part which is remote from it by the amount up to ~ Кон 0,5 d ⋅ is strained insignificantly (see Figures 2, b,3 ).
-the pipe length distribution of coordinate grid (see Figure 3 ) differs in heterogeneity. The front part of the sample pipe is not fully worked out along the thickness of the wall. The rear part is characterized by a dense grid structure. At the same time, the distribution of the grid along the thickness of the wall of the sample pipe, which is conditional upon the presence of a stagnant zone, indicated in point 2, preserves the heredity of this section and forms the corresponding uneven distribution of the longitudinal and transverse bands of the coordinate grid directly in the lower part of the plane under consideration.
-the drawn conclusions (points 1-3) allow one to implicitly consider the presence of anisotropy of the properties by the body of the sample pipes manufactured using the method of extrusion with lateral flow. Thus, in order to create favorable conditions for the strained metal flow in the extrusion process with lateral flow, it seems rational to use a bilateral pressing scheme (Perlin, 1964; Perlin & Reithbarg, 1975) , which will eliminate the metal stagnant zone in the bottom of the container (see Figures 2, b, 3 ) and, accordingly, will ensure the homogeneity of the grid distribution along the thickness of the wall of the sample pipe.
In conclusion, it should be mentioned that if dynamic and plastic similarity is observed (Chizhikov, 1970) , it is possible to apply the results of the experimental study using the MCG (Kargin & Kargin, 2011; Del & Novikov, 1979) under industrial conditions, when designing the appropriate pressing equipment.
